Hedgehog Signaling in Mammals
Sonic, Indian and Desert Hedgehog are the 3 secreted ligands for Hh signaling in mammals. They bind to the transmembrane Hh-receptor Patched (Ptch1 and Ptch2), which regulate the signaling activity of Smoothened (Smo) . In absence of Hh, Ptch renders Smo inactive. Upon Hh binding to Ptch, Smo is activated to signal downstream. Membrane trafficking of Ptch and Smo is critical for Hh signaling. Endocytosis of Ptch is implicated in shaping the signal gradient [Incardona et al., 2000; Torroja et al., 2004] , while Smo trafficking to the primary cilium is required for Hh signal transduction [Goetz and Anderson, 2010] . The downstream signal transduction is not well understood ( fig. 1 ). Three members of the Gli zinc-finger family of transcription factors (Gli1, 2, 3) are responsible for transducing Hh response: Gli1 appears to be a constitutive activator, whereas Gli2 and Gli3 possess both activator and repressor functions. In absence of Hh signaling, partial degradation of Gli2 and Gli3 by the proteasome results in the formation of C-terminally truncated Gli repressor (Gli2 R and Gli3 R ), which enters the nucleus to suppress the transcription of Hh target genes. Upon Hh stimulation, active Smo blocks the formation of Gli R and promotes the formation of Gli activators (Gli A ) through inhibiting the proteolysis of Gli proteins and unleashing the negative regulation of Suppressor of fused (Sufu) and kinesin family protein 7 (Kif7). The coordinated regulation of Gli A and Gli R results in the differential activation of Hh target genes, conferring a graded Hh signaling response [Hui and Angers, 2011] .
Multiplicity of Gli Proteins in Mouse and Human Development
Transcriptional output of Hh signaling is governed by the combinatorial action of Gli1, Gli2 and Gli3. Multiplicity of Gli proteins in mammalian cells allows a 2-tiered control of Hh signal transduction, where Gli2 and Gli3 are the primary transducers, and Gli1 acts as the secondary transducer refining Hh signaling. In addition, the paradoxical nature of Gli2 and Gli3 (Gli A and Gli R ) further confers the context-dependent gene regulation and generates the graded Hh signaling responses.
Gli1 is a direct Hh target gene and its expression in early mouse embryos is regulated by Gli2 and Gli3. Gli1 behaves as a robust positive activator to potentiate the transcriptional output of Hh signaling. It has been implicated in a wide variety of human cancers [Teglund and Toftgård, 2010; Yang et al., 2010] , but GLI1 mutations have not been reported in any human congenital diseases. Consistent with this, Gli1 is dispensable for mouse development and Gli1 -/-mice do not show any severe developmental defects [Park et al., 2000; Bai et al., 2004] .
Gli2 and Gli3, on the other hand, act as both activator and repressor. Gli2 functions primarily as an activator, albeit also as a weak repressor in some circumstances, while Gli3 is predominantly a repressor. Both Gli2 and Gli3 are essential for mouse development. Loss-of-func- tion and dominant-negative GLI2 mutations have been associated with holoprosencephaly-like features and pituitary malformations in humans [Roessler et al., 2003 [Roessler et al., , 2005 . Gli2 -/-mice phenocopy the human phenotypes, exhibiting midline anomalies [Mo et al., 1997] and pituitary defects [Wang et al., 2010] . More remarkable is the fact that a catalog of disease-causing mutations of GLI3 have been identified in patients with different polydactyly syndromes or features, including Pallister-Hall syndrome (PHS) [Kang et al., 1997] , Greig cephalopolysyndactyly syndrome (GCPS) [Vortkamp et al., 1991] , acrocallosal syndrome [Elson et al., 2002] as well as preaxial and postaxial polydactyly [Radhakrishna et al., 1997 [Radhakrishna et al., , 1999 . GLI3 mutations in PHS patients are predicted to generate a truncated mutant protein with constitutive GLI3 repressor function [Kang et al., 1997; Shin et al., 1999] , while deletion or truncating GLI3 mutations leading to loss of functional GLI3 represent the major cause of GCPS [Shin et al., 1999; Johnston et al., 2010] . Mouse models with different Gli3 mutations exhibit phenotypes, which recapitulate those found in the patients [Hui and Joyner, 1993; Böse et al., 2002] .
Distinct and overlapping functions of the 3 Gli proteins have been illustrated in the phenotypic analyses of double mutant mice. More severe phenotypes are usually observed in the double mutants, indicating the functional redundancy among Gli1, Gli2 and Gli3. For instance,
Gli1
-/-; Gli2 +/-mice have reduced viability and exhibit lung and neural tube defects that are not found in either
-/-or Gli2 +/- [Park et al., 2000] . Similarly, exacerbated phenotypes in the limb, sternum, vertebral column, and mandible are also observed in Gli2 -/-; Gli3 +/-mice [Mo et al., 1997] . These mutant studies also revealed that Gli A and Gli R play differential roles in Sonic hedgehog (Shh)-dependent developmental processes. In the developing limb, Gli3 is the key target of regulation by Shh signaling [Litingtung et al., 1998; te Welscher et al., 2002a, b] , whereas Gli2 is required for Shh-dependent hair follicle development [Mill et al., 2003] .
Primary Cilium in Hh Signal Transduction
Primary cilium is a microtubule based non-motile organelle that emanates from the cell surface of quiescent cells. It acts as a sensory organelle to coordinate various signaling pathways, which are critical in both embryonic development as well as adult tissue homeostasis [Goetz and Anderson, 2010] . Assembly of the cilia is mediated by intraflagellar transport (IFT), by which large complexes called IFT particles are moved from the cell body into and along the ciliary microtubules. These IFT particles comprise more than 20 subunits collectively organized into 2 subcomplexes (A and B). The IFT particles carried to the ciliary tip (anterograde IFT) are associated with axonemal precursors for microtubule elongation, while the turn-over products are brought back from the tip to the cell body for recycling by the retrograde IFT. Kinesin-2 and cytoplasmic dynein 2 are the motors that respectively power anterograde and retrograde IFT.
Integrity of the primary cilium is essential for mammalian Hh signal transduction [Huangfu et al., 2003 ]. In the absence of Hh ligand, Ptch resides in the ciliary membrane and prevents Smo from entering primary cilia. In these Smo-inactive cells, Gli proteins are inhibited by the formation of a cytoplasmic complex with Sufu, and Gli proteins are processed by the proteasome to form Gli R . Upon Hh stimulation, Ptch exits the cilium and consequently triggers the ciliary accumulation of active Smo [Rohatgi et al., 2007] [Humke et al., 2010; Tukachinsky et al., 2010] . In mice, loss of functional complex B subunits ( Ift172 avc1 , lft172 wim and lft172 null) or the kinesin-2 motor typically compromises anterograde IFT, leading to defective ciliary assembly and an attenuated Shh pathway [Huangfu and Anderson, 2005; Liu et al., 2005; Houde et al., 2006; Ocbina and Anderson, 2008] , while most mutations in the retrograde IFT motor dynein 2 or IFT complex A lead to the formation of short stumpy cilia and accumulation of Hh pathway components in cilia [Huangfu and Anderson, 2005; May et al., 2005] .
Mouse Models of Hedgehog Signaling for VACTERL Association
Hh signaling is implicated in many aspects of animal development, from left-right asymmetry, dorsoventral patterning of CNS and somites, and limb patterning to organogenesis. Importantly, mice lacking various Hh signaling components and cilia-related genes exhibit VACTERL-like defects as summarized in 
Vertebral Column Defects
Approximately 60-80% of the VACTERL patients have vertebral anomalies, including segmentation defects, vertebral fusions, supernumerary or absent vertebrae, and other forms of vertebral dysplasia. In addition, these vertebral anomalies are commonly accompanied by rib deformities. Shh is secreted from the notochord and floor plate cells, and patterns the formation of vertebral column. Shh induces somite compartmentalization to generate dermomyotome and sclerotome. The sclerotomal mesenchyme later gives rise to the skeletal elements of the vertebral column and ribs, whereas dermomyotome develops into muscle and skin. Shh null embryos exhibit severe patterning defects of somites and a complete absence of the vertebral column [Chiang et al., 1996; Kim et al., 2001a] . Expression of Shh in the floor plate or the notochord induces expression of the sclerotome marker Pax1 [Fan and Tessier-Lavigne, 1994; Johnson et al., 1994] . Specific deletion of Shh from either the floor plate or the notochord illustrates that Shh expression in the notochord is sufficient for patterning the vertebral column [Choi et al., 2012] . Gli2 and Gli3 are differential- Kondo et al., 1996; Mandhan et al., 2006; Roberts et al., 1995 EA = Esophageal atresia; TEF = trachea-esphageal fistula; VSD = ventricular septal defect; ASD = atrioventricular septal defect; ND = not determined.
ly expressed and localized to the medial and dorsal parts of the developing sclerotome, respectively [Hui et al., 1994; Mo et al., 1997] . Mice lacking Gli2 exhibit a vertebral phenotype, such as absence of the vertebral bodies, similar those of Shh and Pax1 null mice. On the other hand, Gli3 -/-mice exhibit a vertebral phenotype, including abnormal development of the neural arches, which is distinct from those of Gli2 -/-and Shh -/-mice. Since Gli2 -/-; Gli3 +/-mice show a more severe vertebral column phenotype than the single mutants, in which chondrogenesis in multiple regions along the ventral part of the vertebral column is affected, it is conceivable that both Gli2 and Gli3 function in the reception of notochordal Shh signal and possess redundant function in the development of vertebral bodies [Mo et al., 1997] . Intriguingly, sternum and rib defects frequently occur in Shh -/-, single or double mutants of Gli2 and Gli3 , nicely resembling the human conditions. In addition, mutant mice of the hypomorphic allele of Ift172 ( Ift172 avc ), in which mutant Ift172 transcripts are unstable, leading to truncated cilia, reduced ciliary abundance, as well as attenuated Hh signaling, also lack vertebral bodies [Friedland-Little et al., 2011] . On the other hand, loss of another IFT B gene Ift25 or Kif7 only cause a mal-alignment of the sternal vertebrae, and the vertebral bodies of Ift25 null, Ift25 neo/neo or Kif7 -/-mutants remain intact [Cheung et al., 2009; Keady et al., 2012] .
Anal Atresia
Anal atresia and imperforate anus occur in approximately 55-90% of VACTERL patients as part of anorectal malformations (ARM). In the developing gastrointestinal tract, Shh and Indian hedgehog (Ihh) are expressed in endodermally derived gut epithelium, whereas their target genes are expressed in discrete layers in the gut mesenchyme [Ramalho-Santos et al., 2000; Kolterud et al., 2009] . Hh signaling is implicated in the epithelialmesenchymal interaction to coordinate patterning and organogenesis of the gut and enteric nervous system development [Ramalho-Santos et al., 2000; Ngan et al., 2011] . In mice, loss of Shh and Ihh result in reduced muscularis propria, gut malrotation and annular pancreas. Ihh -/-mice show reduced epithelial stem cell proliferation and differentiation, accompanied by partial intestinal aganglionosis [Ramalho-Santos et al., 2000] . Ectopic expression of Ihh in small intestinal epithelium causes expansion of smooth muscle in the villus cores, indicating that Hh signaling controls the size of smooth muscle cell population in the villus cores [Kolterud et al., 2009] avc mutants also exhibit anal atresia, with discontinuity between the anal squamous epithelium and rectal columnar epithelium. These mutant mice all exhibit attenuated Hh signaling and display hindgut defects representing a full spectrum of human ARM phenotypes.
Cardiovascular Anomalies
Congenital heart defects are found in up to threequarters of individuals with VACTERL association. The most common heart defects found with VACTERL association are ventricular septal defect, atrial septal defects and tetralogy of Fallot. In addition, defects in cardiac outflow tract (OFT) and arch arteries, such as persistent truncus arteriosus, transposition of the great arteries and right aortic arch, are associated with this disorder. Importantly, all these cardiovascular anomalies are commonly present in mice with disrupted Hh signaling (i.e. Shh ) [Kim et al., 2001a; Washington Smoak et al., 2005; Friedland-Little et al., 2011; Keady et al., 2012] . More specifically, during early stages of cardiogenesis (E7.0-E8.0), myocardial progenitor cells receive Hh signals to promote cardiomyocyte formation [Thomas et al., 2008] . In vitro experiments have shown that primary cilia and active Hh signaling contribute to cardiomyocyte differentiation [Gianakopoulos and Skerjanc, 2005; Clement et al., 2009] . Consistent with the role of Hh signaling in left-right asymmetry, mice lacking Shh , Smo or Sufu also showed abnormal heart looping [Tsukui et al., 1999; Zhang et al., 2001; Cooper et al., 2005] . Between E9.0-E11.0, Shh expression in pharyngeal endoderm contributes to the development of the anterior heart field, including formation of cardiac OFT and ventricular septation, while its expression in pulmonary endoderm is required for the development of the posterior heart field, such as atrial septation [Goddeeris et al., 2007; Hoffmann et al., 2009] . For example, cell-specific deletion of Shh using Nkx2.5
Cre/+ (pharyngeal/pulmonary endoderm) results in cardiac OFT defects, ventricular septal defect as well as atrial septal defects, while Shh deletion using Nkx2.1 -Cre (pulmonary endoderm) leads to only atrial septal defects. Furthermore, Hh signaling is implicated in the development of cardiac neural crest cells (CNCC), which are critical for the formation of cardiac OFT and arch arteries as well as ventricular septation. Shh -/-mice have defective CNCC migration and increased cell death, whereas Shh flox/-; Nkx2.5 Cre/+ mice exhibit normal CNCC migration, suggesting a direct role of Shh signaling in early CNCC development and migration [Washington Smoak et al., 2005; Goddeeris et al., 2007] . Indeed, disruption of Hh signaling in CNCC ( Smo flox/-; Wnt1-Cre) cause defects in OFT and arch arteries. It will be of interest to examine whether VACTERL association is related to impaired CNCC development induced by abnormal Hh signaling. Hh signaling is also implicated in coronary artery development and maintenance in the heart [Lavine and Ornitz, 2009 ]. It will be intriguing to investigate whether these defects are observed in patients with VACTERL association.
Tracheoesophageal Fistula
Tracheo-esophageal fistula and esophageal atresia show a close association with anorectal defects, and they are observed in about 55-70% of VACTERL patients. The oesophagus and trachea are derived from the anterior foregut tube. During gastro-respiratory development, division of the foregut results in separation of the dorsal component (esophageal) from the ventral component (tracheal). As in the developing hindgut, endodermal Hh signaling plays important roles in foregut development. Dynamic ventral-dorsal shift in Shh signaling is required for the onset of tracheo-esophageal separation and foregut morphogenesis. Spatio-temporal disruption or shift of Shh expression is frequently associated with diminished apoptosis of the lateral epithelial ridges and the failure of tracheo-esophageal separation [Ioannides et al., 2010] . In absence of Shh, mice display a spectrum of foregut malformations, including lung hypoplasia and various defects in the trachea and esophagus. Some Shh -/-mice develop less severe foregut anomalies with only esophageal and tracheal stenosis, whereas others exhibit more severe phenotypes without sub-division of the early foregut tube, leading to esophageal atresia and tracheoesophageal fistula. -/-mice are relatively mild; they exhibit tracheal stenosis, compression of the lungs and pulmonary isomerism but without obvious left-right asymmetry defect.
Renal Dysplasia
Renal defects are seen in approximately 50% of patients with incomplete formation of one or both kidneys, and/or urologic abnormalities, such as obstruction to outflow of urine or severe reflux of urine. Shh and Ihh are expressed in the developing kidney; Shh is secreted mainly from the epithelium of the presumptive ureter and medullary collecting ducts, while Ihh expression is localized to the nephrogenic tubules at the cortico-medullary border during late stages of renal development. During early kidney-urinary development, Hh pathway activity is detected within the ureteric mesenchyme, suggesting that Shh is involved in the inductive interactions between ureteric bud epithelium and metanephric mesenchyme [Yu et al., 2002] . Shh signaling establishes a tight spatial restriction of Gli2
A and Gli3 R in the ureter/medulla and cortex, respectively, to coordinate renal morphogenesis by controlling the expression of kidney patterning genes (Pax2, Sall1) and cell cycle modulators (CyclinD1, Nmyc) [Hu et al., 2006] . Similar to the neural tube and limb, graded Gli activities are crucial for kidney patterning ( fig. 2 ). High Hh pathway activity (high Gli A and low Gli3 R levels) exists in the distal ureter/medullary region, whereas high level of Gli3 R is dominant in the proximal cortical domain of embryonic kidney. Mutant mice with low Gli A and high Gli R levels display distal/medullary anomalies. For example, Shh -/-mice develop a solitary, ectopic dysplastic kidney or bilateral renal aplasia [Mo et al., 1997] . Similarly, when Shh is specifically deleted in the ureteric lineage cells, mutant mice exhibit reduced proliferation of the ureter mesenchyme, delayed differentiation of smooth muscle in the ureter and severe hydroureter, supporting the notion that Hh pathway activation is critical for distal ureter/medullary development [Yu et al., 2002] . Importantly, Gli3 R is deleterious to this process. Gli3 ⌬ 699/ ⌬ 699 mice expressing a truncated form of Gli3, which mimics the constitutive expression of Gli3 R , show renal aplasia/dysplasia. Furthermore, elimination of Gli3 rescues renal mor-phogenesis in Shh -/-mice and restores the expression of both patterning genes and cell cycle regulators [Böse et al., 2002; Hu et al., 2006] . In a recent study, the involvement of Hh signaling in later stages of ureter morphogenesis is also established. Targeted inactivation of Smo in the intermediate mesoderm ( Rarb2-Cre ; Smo loxP/-mice) results in non-obstructive hydronephrosis, hydroureter and ureter peristalsis. This finding demonstrates that Hh signaling is required for the formation and/or maintenance of specific cell populations to establish unidirectional and coordinated peristalsis. Consistent with the deleterious action of Gli3 R in early kidney morphogenesis, removal of Gli3 in Rarb2-Cre;Smo loxP/-mice restores normal kidney development. Therefore, the primary role for Hh signaling is likely to inhibit the formation of Gli3 R in the ureteric mesenchyme .
Unlike in the distal domain, Gli3 R is required for the formation of renal cortex. Mutations leading to high Gli A and low Gli3 R levels cause proximal/cortical anomalies, including defects in branching morphogenesis and nephrogenesis in mice. Gli3 -/-mice exhibit mild renal hypoplasia with deficiency in ureteric branching and nephrogenesis within the cortex [Cain et al., 2009] . In addition, elevated Hh pathway activity resulted from Ptch1 inactivation in the ureteric cell lineage leads to renal hypoplasia [Cain et al., 2009] . The kidney phenotypes of these Ptch1 mutants can be rescued by forced expression of Gli3 R , supporting the requirement for Gli3 R in proximal cortical development. Furthermore, simultaneous inactivation of Gli2 and Gli3 results in horseshoe kidney with both hydronephrosis and hydroureter [Kim et al., 2001b] . Thus, a precise balance of Gli A versus Gli R is critical for kidney development.
Consistent with their role in Hh signaling, primary cilia are also implicated in tubular development as well as the maintenance of normal renal morphology and function. Hypomorphic mutations in the IFT complex B produce enigmatic structural and functional kidney defects, ranging from abnormal proliferation of tubular epithelia, polycystic kidney disease to renal dysplasia with hypoplastic glomeruli as seen in Ift172 avc mutants [FriedlandLittle et al., 2011] .
Limb Defects
Limb defects, including absent or displaced thumbs, extra digit (polydactyly) or fusion of digits (syndactyly), occur in up to 70% of VACTERL patients. Shh is expressed in the posterior limb bud mesenchyme and acts as the principle signal of the zone of polarizing activity, which organizes anteroposterior (AP) patterning. In the developing limb bud, Gli3 R exists as an anterior high to posterior low gradient and is responsible for the establish- Early limb bud acquires its AP identities independent of Shh expression. The mutual antagonism of Gli3 R and Hand2, on the other hand, is the crucial mechanism for the establishment of AP limb asymmetry. Gli3 acts primarily to exclude Hand2 expression in the anterior limb bud, and Hand2 restricts Gli3 expression to the anterior limb mesenchyme. Gli3 ⌬ 699/-mutant mice with constitutive expression of a Gli3 R -like activity develop limbs with AP asymmetry [Hill et al., 2009] . In contrast, loss of Gli3 in Gli3 -/-and Shh -/-; Gli3 -/-mice results in polydactyly and loss of AP identities [Litingtung et al., 1998; Motoyama et al., 1998; te Welscher et al., 2002a] .
At later stages of limb development, Shh is expressed in the zone of polarizing activity, where Shh signaling regulates both Gli3 transcription and processing. Shh null mice show elevated Gli3 R levels in the posterior limb bud, accompanied by expanded expression of Pax9 and loss of 5 Hoxd gene expression, that trigger massive apoptosis of limb mesenchyme, eventually leading to truncated limb. Therefore, the presence of Shh is required to counteract Gli3 R , and appropriate levels of Gli3 R allow the growth and proliferation of cartilage precursor cells. Gli3 processing in the developing limb appears to depend on IFT, as both Kif7 and cilia-defective mutants show compromised Gli3 R function, leading to polydactyly [Cheung et al., 2009; Friedland-Little et al., 2011] ( fig. 4 ) .
Downstream of Hh Signaling in VACTERL
In addition to core Hh pathway components, several Shh target genes, Forkhead and 5 Hoxd genes (Hoxd12 and Hoxd13) have also been implicated in VACTERL. Expression of Foxc2 (previously called Mfh-1 ) in the paraxial mesoderm depends on the notochordal Shh signal [Yamagishi et al., 2003 ]. Mice lacking Foxc2 exhibit interrupted aortic arch and absence of vertebral bodies as seen in Gli2 null mice [Iida et al., 1997] . Similarly, Hoxd13 expression in the limb and hindgut is regulated by Shh signaling [Roberts et al., 1995; Mandhan et al., 2006] . Hoxd13 mutant mice display limb anomalies and urogenital defects. Inactivation of Hoxd13 in mice also interrupts anal sphincter morphogenesis, while ectopic expression of Hoxd13 results in kidney agenesis [Dollé et al., 1993; Kondo et al., 1996; Johnson et al., 1998 ].
Together, the above studies using various Shh and Gli mutants irrefutably have improved our understanding of the molecular basis of VACTERL. Inadequate Hh pathway activity may only account for part of the VACTERL phenotypes. As highlighted in recent studies, there is a precise spatio-temporal requirement for Gli3 R during patterning and organogenesis of various organ systems. Particularly in the developing limb and kidney, Gli3 R play distinct roles in the distal and proximal domains of embryonic kidney, whereas Gli3 R is critical for the establishment of AP asymmetry of the limb before the onset of Shh expression. Intriguingly, the severity of the VAC-TERL phenotypes appears to show high correlation with the balance between Gli A and Gli R . ) with an absence of Gli R shows cortical developmental defects. On the other hand, Hh deficiency (Shh -/-, Gli2 -/-, Gli3 ⌬ 699/ ⌬ 699 ) leads to ureter/medullary anomalies .
Human Genetic Studies

Mutations in Hh Pathway Genes in Human Diseases
In humans, mutations in the Hh pathway genes have been associated with a board spectrum of congenital malformations as summarized in table 2 . In particular, mutations in SHH and GLI3 are associated with holoprosencephaly type 3 and PHS, where ARM is included as part of the syndromic phenotypes. SHH is located on chromosome 7 (7q36). To date, a spectrum of nonsense and missense mutations, deletions and insertion in the SHH gene have been identified in the holoprosencephaly patients, and haploinsufficiency of SHH represents a cause of the disease Roessler et al., 1996; Nanni et al., 1999] . More recently, a 7q terminal deletion leading to loss of SHH gene has also been reported in a child presenting esophageal stenosis. The abnormalities of the esophagus, including atresia and stenosis, observed in this patient are strikingly similar to the foregut defects that are seen in Shh -/-mouse embryos. GLI3 is located on chromosome 7p14.1 and autosomal dominant mutations in GLI3 have been identified in patients with PHS, GCPS and oral-facial-digital syndromes.
Central or postaxial polydactyly, syndactyly, imperforate anus, and other craniofacial anomalies are typical syndromic phenotypes observed in the PHS patients. Particularly, some PHS patients also exhibit lung anomalies as well as tracheo-esophageal fistula, overlapping with features in VACTERL association. Among all known PHS-associated mutations, most of them cause frameshift, RNA splicing defects or premature translation termination, resulting in the formation of a truncated GLI3 repressor protein [Kang et al., 1997; Shin et al., 1999] . By contrast, large deletions or truncation mutations in GLI3 are frequently associated with GCPS, where patients exhibit hypertelorism, macrocephaly with frontal bossing and polysyndactyly. More recently, 5 more frameshift or nonsense GLI3 mutations have been found in oral-facialdigital syndrome patients, and the location of all these mutations is adjacent to those mutations that have been reported to cause PHS [Johnston et al., 2010] .
Mutations in other Hh transduction mediators, such as KIF7 , are also pathogenic. Nonsense and frameshift mutations in KIF7 have recently been reported to cause hydrolethalus, acrocallosal and Joubert syndromes [Dafinger et al., 2011; Putoux et al., 2011] . Most hydrole- thalus-and acrocallosal-associated mutations are clustered in the kinesin motor and coiled-coil domains of KIF7. Consistent with the roles of Kif7 in Gli trafficking and Hh signal transduction, GLI3 processing is impaired, and most GLI targets are dysregulated in acrocallosal patient fibroblasts. Joubert syndrome-related mutations are also linked to defective Hh signaling as well as instability of cilia and microtubules. Intriguingly, patients with defective KIF7 frequently present single or even multiple VACTERL-like features, such as polysyndactyly and ventricular septal defect [Dafinger et al., 2011; Putoux et al., 2011] . Thus, genes implicated in the Hh pathway cascade may represent the prime candidates for various ciliopathies as well as VACTERL association.
Genetic Contribution to VACTERL Association
The majority of VACTERL association patients appears to be sporadic, and only few instances of familial recurrence of typical VACTERL have been reported. However, an increased prevalence of single or multiple component features among first-degree relatives of VAC-TERL patients is observed in 10% of the cases, suggesting that some of these disorders may be inherited in a subset of patients [Solomon et al., 2010; Bartels et al., 2012] . Causality of this inheritance pattern is complex and environmental elements are likely involved.
Various mouse mutants with defective Hh signaling exhibit multiple features of the VACTERL phenotype. However, only less than 1% of patients diagnosed with VACTERL have all 6 anomalies, and more than 90% of them have 3 or fewer anomalies. To our surprise, till now, no mutation in the HH pathway genes has been found related to VACTERL association in humans. Instead, deleterious mutations in HH target genes appear to be linked to VACTERL association. The first VACTERL associated mutation has been reported in the HOXD13 gene (2q31.1) from a female patient with limb, gut and genitourinary malformations. This mutation consists of a 21 base-pair triplet repeat deletion in the exon 1 of HOXD13 , resulting in the removal of 7 alanine residues from the polyalanine tract [Garcia-Barceló et al., 2008] . Similar in-frame shortening of the polyalanine tract has also been described in a large Han Chinese family with complex brachydactyly and syndactyly [Zhao et al., 2007] , while other polyalanine expansion, truncation and specific amino acid substitution mutations in HOXD13 are associated with other limb malformations, including synpolydactyly 1, brachydactyly types D and E, and syndactyly type V [Goodman, 2002] . Expansions or contractions of the polyalanine tract may perturb DNA instability and is thought to be responsible for the disease manifestations. Noteworthy, anorectal or renal malformations have only been described in the patients with polyalanine contraction, but not yet in those with polyalanine expansion. Microdeletions of another HH target gene, FOXF1 (16q24.1), are apparently related to VACTERL association. Six overlapping microdeletions, encompassing the FOX transcription factor gene cluster in chromosome 16q24.1q24.2, were identified in patients with alveolar capillary dysplasia with misalignment of pulmonary veins. Given that some of these patients also exhibit 3 VACTERL features, including hypoplastic left heart syndrome, renal defects and gastrointestinal atresia, FOXF1 is considered to be a risk allele common to both VAC-TERL association and alveolar capillary dysplasia with misalignment of pulmonary veins.
VACTERL-hydrocephalus (VACTERL-H) represents a subtype of VACTERL, where patients exhibit VAC-TERL accompanied by hydrocephalus. Unlike typical VACTERL, VACTERL-H patients manifest a distinct Mendelian inheritance pattern. Autosomal recessive and X-linked mutations in Fanconi anaemia complementation group B (FANCB) or FANCC genes are considered as the major genetic cause of VACTERL-H. In a more recent study, the potential involvement of Hh signaling in VAC-TERL-H is suggested by the observation that Ift172 avc mutant mice develop both VACTERL and hydrocephalus phenotypes [Friedland-Little et al., 2011] .
In addition to genetic alterations, environmental factors have long been suspected as risk factors for VAC-TERL association. This notion is supported by a recent whole-exome sequencing analysis on monozygotic twin pairs in which only one of the twins is diagnosed with VACTERL association. In this study, Solomon et al. [2011] did not find any de novo discordant exonic variants that are predicted to be pathogenic or obviously related to VACTERL association among the twins. Therefore, in this scenario, an iatrogenic environmental factor (e.g. surgical treatment) likely predisposes the patient to VAC-TERL association. It is also possible that the causative genetic variants may occur in the non-coding regions and that environmental factors are only responsible for increased disease susceptibility. Furthermore, it is worth considering a role for post-zygotic or somatic mutations in VACTERL association, whereby the genetic lesions are only present in the organs/tissues originated from the progenitors 'mutated' during embryogenesis. This would explain the discrepancy reported between monozygotic twins as well as the sporadic nature of these disorders [Rivière et al., 2012; Veltman and Brunner, 2012] .
Summary and Conclusion
To date, the etiology of VACTERL association still remains largely unknown. Identification of the causative genes has been hampered by the facts that most of the cases occur sporadically and that it is due to cumulative effects of multiple genes. The heterogeneity of risk-related genetic polymorphism between individuals as well as differential environmental factors add another layer of complexity on top of these unresolved questions. Mouse models of VACTERL association recapitulate the human condition and offer a systematic genetic analysis of the etiology of VACTERL. As summarized in this review, the phenotypic spectrum of VACTERL is common to mice with defective Hh signaling and/or cilia, suggesting a central role of Gli A and Gli R in the etiology of VACTERL association.
